We discuss spontaneously broken CP symmetry in two right-handed neutrino models based on the idea of having a different residual flavour symmetry, together with a different residual CP symmetry, associated with each of the two right-handed neutrinos. The charged lepton sector also has a different residual flavour symmetry. In such a tri-direct CP approach, we show that the combination of the three residual flavour and two residual CP symmetries provides a new way of fixing the parameters. To illustrate the approach, we revisit the Littlest Seesaw (LSS) model based on S 4 and then propose new variants which have not so far appeared in the literature, with different predictions for each variant. We analyse numerically the predictions of the new variants, and then propose an explicit model which can realise one of the successful benchmark points, based on the atmospheric flavon vacuum alignment (1, ω 2 , ω) and the solar flavon vacuum alignment (1, −7/2, −7/2). *
Introduction
Following the discovery of neutrino mass and mixing, we are now firmly in the precision era of measurements. In the standard parametrisation of the lepton mixing matrix [1] , all the three lepton mixing angles θ 12 , θ 13 and θ 23 and the mass squared differences ∆m 1 has been precisely measured in a large number of neutrino oscillation experiments. At present the 3σ ranges of these mixing parameters are determined to be [2] [3] [4] where these results are as quoted in [4] for normal ordering (NO) neutrino mass spectrum, and similar results are obtained for inverted ordering (IO) spectrum except that the sign of ∆m 2 31 is reversed. Non-Abelian discrete finite family symmetry groups G f have been widely used to explain the lepton mixing angles as well as CP violating phases, see Refs. [5] [6] [7] [8] [9] [10] for reviews. One of the most successful and popular model independent approaches is to impose a discrete family symmetry G f together with a non-commuting CP symmetry H CP . In the semi-direct CP approach, the G f H CP symmetry is subsequently spontaneously broken, leaving residual symmetries G ν H ν CP in the neutrino sector and G l H l CP in the charged lepton sector, leading to mixing angle and CP phase predictions. In the present paper we shall generalise the semi-direct CP approach to a tri-direct CP approach, based on the two right-handed neutrino seesaw mechanism, as we now discuss.
The most appealing possibility for the origin of neutrino mass seems to be the seesaw mechanism which, in its original formulation, involves heavy right-handed Majorana neutrinos [11] [12] [13] [14] [15] [16] . The most minimal version of the seesaw mechanism involves one [17] or two right-handed neutrinos [18] . In order to reduce the number of free parameters still further to the smallest number possible, and hence increase predictivity, various approaches to the two right-handed neutrino seesaw model have been suggested, such as postulating one [19] or two [20] texture zeroes, however such two texture zero models are now phenomenologically excluded [21] for the case of a normal neutrino mass hierarchy considered here.
The minimal successful seesaw scheme with normal hierarchy is called the Littlest Seesaw (LSS) model [22] [23] [24] . The LSS model corresponds to a two right-handed neutrino models with a particularly simple pattern of Dirac mass matrix elements in the basis where both the charged lepton mass matrix and the two-right-handed neutrino mass matrix are diagonal. The Dirac mass matrix involves only one texture zero, but the number of parameters is reduced dramatically since each column of this matrix is controlled by a single parameter. In practice this is achieved by introducing a Non-Abelian discrete family symmetry, which is spontaneously broken by flavon fields with particular vacuum alignments governed by remnant subgroups of the family symmetry. This leads to a highly constrained model which is remarkably consistent with current data, but which can be tested in forthcoming neutrino experiments [25] . The LSS approach may also be incorporated into grand unified models [26] [27] [28] [29] .
Originally the LSS model was formulated in the indirect approach based on a family symmetry to give the required vacuum alignments, but without any residual symmetry in the neutrino or charged lepton sector [22] . Later it was realised that it preserves a different residual flavour symmetry for each flavon, in the diagonal mass basis of two right-handed neutrinos, leading to a highly predictive set of possible alignments [23] . Most recently it was understood that the LSS model may arise from a semi-direct symmetry approach corresponding to a different residual flavour symmetry for each charge sector, where a particular residual flavour symmetry may be assumed in each of the neutrino and charged lepton sectors. To be precise, in the semi-direct symmetry approach, it was shown that there is an SU subgroup of S 4 in the neutrino sector and the T subgroup of S 4 in the charged lepton sector, leading to a constrained form of TM1 mixing [24] in which the first column of the tri-bimaximal mixing matrix is preserved, but with the reactor angle and CP phases fixed by the same two parameters which fix the neutrino masses.
The LSS model is a general and predictive framework for explaining neutrino masses and lepton mixing, and it is not confined to TM1. For instance, the golden LSS is an another viable class of LSS models [30] , the flavor symmetry group is A 5 and it is spontaneously broken to different residual subgroups in the charged lepton, atmospheric neutrino and solar neutrino sectors. The golden LSS predicts the lepton mixing is of GR1 form where the first column of the golden ratio mixing matrix is preserved [30] . In both the original LSS and golden LSS models, it was always assumed that there is a high energy CP symmetry which is completely broken in each of the sectors, with no residual CP symmetry.
In this paper we propose a new tri-direct CP approach for two right-handed neutrino models based on the idea of spontaneously broken family and CP symmetry, leaving a different residual flavour symmetry, together with a different residual CP symmetry, in each of the two right-handed neutrino sectors. In other words, the high energy family and CP symmetry G f H CP is spontaneously broken down to G atm H atm CP in the sector of one of the right-handed neutrinos, and G sol H sol CP in the sector of the other right-handed neutrino, with the charged lepton sector having a different residual flavour symmetry G l , as schematically illustrated in figure 1 . In such a tri-direct CP approach the combination of the three residual symmetries provides a new way of fixing the parameters. To illustrate the approach, we revisit the Littlest Seesaw (LSS) model based on S 4 and show that the tri-direct CP approach uniquely fixes some parameters of the model. 1 Following the tri-direct CP approach, we also propose new variants of the LSS model which have not so far appeared in the literature, with different predictions for each variant. We analyse numerically the predictions of the new variants, and then propose an explicit model which can realise one of the successful benchmark points, based on the atmospheric flavon vacuum alignment (1, ω 2 , ω) and the solar flavon vacuum alignment (1, −7/2, −7/2).
The layout of this paper is as follows. In section 2 we propose the tri-direct CP approach for two right-handed neutrino models. In section 3 we apply the tri-direct CP approach to the Littlest Seesaw model and see that it reproduces the usual neutrino mass matrices arising from uniquely fixed vacuum alignments. In section 4 we show how new variants of the Littlest Seesaw emerge from the tri-direct CP approach, and we perform a comprehensive numerical analysis of a selection of benchmark points within the LSS variants arising from S 4 , in order to determine their viability and predictions. In section 5 we propose an explicit model which can realise one of the successful benchmark points, based on the atmospheric flavon vacuum alignment (1, ω 2 , ω) and the solar flavon vacuum alignment (1, −7/2, −7/2). Section 6 concludes the paper.
The tri-direct CP approach
In a two right-handed neutrino model, the light neutrino masses are generated through the seesaw mechanism, and only two right-handed neutrinos are introduced, denoted here as N c atm and N c sol . In the right-handed neutrino diagonal basis, the most general Lagrangian can be written as
where we use a two-component notation for the fermion fields to keep the formula compact. The fields L and E c ≡ (e c , µ c , τ c ) T stand for the left-handed lepton doublets and the righthaned charged leptons respectively, the flavons φ l , φ sol and φ atm can be either Higgs fields or combinations of the electroweak Higgs doublet together with flavons, and the Majoron flavons ξ atm and ξ sol are standard model singlets.
In order to predict both neutrino masses and lepton mixing parameters, a non-abelian discrete flavor symmetry G f and generalized CP symmetry H CP are imposed on the model. Both flavor symmetry and the CP symmetry act on the flavor space in a non-trivial way. The flavor symmetry G f and CP symmetry H CP should be compatible with each other in the theory, and consequently the following consistency condition has to be satisfied [31] [32] [33] 
where ρ r (g) is the representation matrix of the element g in the irreducible representation r of G f , and X r is the generalized CP transformation matrix of H CP . The elements g and g in Eq. (3) are in general different. Hence the mathematical structure of the full symmetry at high energy scale is in general a semi-direct product of flavor symmetry G f and generalized CP symmetry H CP [31] . Moreover, it has been shown that physical CP transformations always have to be class-inverting automorphisms of G f [33] , namely for any g ∈ G f , there should always exists an element h such that g = hg −1 h −1 . We assign the three generations of left-handed leptons L to a faithful irreducible three-dimensional representation of G f , the flavons φ l , φ atm and φ sol transfrom as triplets under the flavor symmetry G f while N l m l is diagonalized by U l as well. As regards the atmospheric and solar neutrino sectors, the residual CP symmetry should be compatible with the residual flavor symmetry. As a consequence, the following constrained consistency conditions have to be fulfilled,
For given residual flavor symmetries G atm and G sol , the residual CP symmetries H 
which allow us to fix the alignment of φ atm . In the same fashion, for the symmetry G sol H sol CP to hold, the VEV φ sol has to be invariant under
After the electroweak and flavor symmetry breaking, the flavon VEVs φ l , φ atm , φ sol , ξ atm and ξ sol are non-vanishing. Then we can read out the neutrino Dirac mass matrix and the heavy Majorana mass matrix of N 
where we omit the relevant Clebsch-Gordan coefficients which appear in both contractions y atm Lφ atm N c atm and y sol Lφ sol N c sol in order to form invariants under G f . Using the seesaw formula, we can obtain the low energy effective light neutrino mass matrix
If the roles of G atm H atm CP and G sol H sol CP are switched, the two columns of the Dirac mass matrix m D would be exchanged. Thus the same neutrino mass matrix would be obtained if one interchanges y atm with y sol and x atm with x sol . The tri-direct CP approach provides new opportunity for model building, it allows us to construct quite predictive neutrino mass models as simple as the LSS model.
Littlest Seesaw in the tri-direct CP approach
In this section, we shall show that the original Littlest seesaw model [23, 24] can be reproduced from the above tri-direct approach. The flavor symmetry group is chosen to be S 4 which has been extensively studied in the literature, see [34, 35] for the group theory of S 4 . In the present work, we shall adopt the conventions of [35] , and S 4 can be generated by three generators S, T and U , which obey the relations
The S 4 group has five irreducible representations: 1, 1 , 2, 3 and 3 . The one-dimensional unitary representations are given by,
In the double representation, we have
with ω = e 2πi/3 . For the triplet representation 3, in a basis where the element T is diagonal, the generators are
In another triplet representation 3 , the generator U is simply opposite in sign with to that in the 3. We assume that both lepton doublet L and the atmospheric flavon φ atm are assigned to S 4 triplet 3, the solar flavon φ sol transforms as 3 while the right-handed Majorana neutrino N enforces
T with n being generally complex in [24] while n is a real parameter because of the CP symmetry in the tri-direct CP approach.
Applying the seesaw formula and multiplying L 3 by a minus sign, we obtain the effective light neutrino mass matrix
As shown in [24, 25] , the benchmark values of n = 3 and η = 2π/3 can give a phenomenologically successful description of neutrino masses and lepton mixing parameters, e.g. 
where m ee is the effective mass in neutrinoless double beta decay. Since the charged lepton masses are not constrained in this approach, the lepton mixing matrix is determined up to all possible row permutations. In other words, the neutrino mass matrix m ν in Eq. (17) can be multiplied by any permutation matrix from the left and right sides simultaneously. If the second and third rows and columns of m ν are exchanged [24, 25] , we obtain a second form of the Littlest seesaw model with
2 The effective light neutrino Majorana mass matrix given by the Lagrangian
The phase value η = −2π/3 is preferred in the case of n = 3. Excellent agreement with experimental data can be achieved, and a numerical benchmark is 
For both versions of Littlest seesaw, the neutrino mass matrix leads to the trimaximal TM1 mixing [23] [24] [25] , in which the first column of the mixing matrix is fixed to be that of the tri-bimaximal mixing matrix. See [23, 24] for exact expressions of light neutrino masses and lepton mixing parameters.
Littlest Seesaw variants in the tri-direct CP approach
Following the framework of tri-direct CP approach presented in section 2, we find that many new mixing patterns compatible with experimental data can obtained from the S 4 flavor symmetry group and CP [36] . In order to illustrate how the neutrino mass and mixing parameters are predicted in the tri-direct CP approach, as an example, we shall show a new Littlest seesaw model which can be achieved from the S 4 flavor symmetry in combination with the generalized CP symmetry H CP , where H CP is the collection of the generalized CP transformations X r . In our working basis, the generalized CP transformation compatible with S 4 turns out to be of the same form as flavor symmetry transformation [35, 37] , i.e.
where h can be any element of S 4 . The three left-handed leptons L are assigned to S 4 triplet 3, the atmospheric flavon φ atm and solar flavon φ sol transform as 3 and 3 respectively, and the two right-handed neutrinos N would determine that the hermitian combination m † l m l is diagonalized by a unit matrix up to permutations and phases of its column vectors. Notice that no new constraint is obtained even if the possible residual CP symmetry in the charged lepton sector is further taken into account [38] .
The residual symmetry Z
× H atm CP in the atmospheric neutrino sector should be well defined such that the constrained consistency condition in Eq. (7a) has to be satisfied, i.e.
It is easy to check that X atm r can only take the following eight possible values,
For the first four CP transformations of H atm CP , the vacuum alignment φ atm which preserves Z T ST 2 2 × H atm CP is of the following form
where
with v atm being real. The above two vacuum configurations in Eq. (24) 
We find the allowed values of H sol CP are
For the case of X sol r = ρ r (1), ρ r (U ), the vacuum configuration
is of the form
where the VEV v sol is real and x is in general a dimensionless real number. For the remaining choices X sol r = ρ r (S), ρ r (SU ), the subgroup Z
CP is preserved only if φ sol is aligned along the following direction,
with both parameters v sol and x being real. However, detailed numerical analysis reveals that the experimentally favored neutrino masses and mixing angles can not be obtained for the solar flavon VEV shown in Eq. (29) . Hence we shall focus on the residual CP transformation X sol = U and the resulting vacuum alignment φ sol ∝ (1, x, x) in this work. It is useful to remind the S 4 singlet contraction rules for 3 ⊗ 3 → 1 and
where α = (α 1 , α 2 , α 3 ) T and β = (β 1 , β 2 , β 3 ) T are S 4 triplet 3, and γ = (γ 1 , γ 2 , γ 3 ) T transforms as 3 . When the flavor fields φ atm and φ sol acquire a non-vanishing VEV as shown in Eq. (24) and Eq. (28) 
with M atm = x atm ξ atm and M sol = x sol ξ sol . The light neutrino mass matrix is given by the seesaw formula,
We see that m ν depends on four parameters m a , m s , η and x to describe the neutrino masses and mixing parameters, consequently this model is quite predictive. Moreover, we shall fix x and η to certain values in a concrete models. It is easy to check that the above neutrino mass matrix m ν fulfills
This implies that the column vector (−i √ 3x, x − ω 2 , −x + ω) T is an eigenvector of m ν with zero eigenvalue. As a consequence, the neutrino mass matrix m ν can be block diagonalized by the following unitary transformation
Then m ν becomes
Since m ν is essentially a two by two complex symmetric matrix, it can be exactly diagonalized, as shown in detail in [39] ,
The light neutrino masses m 2 and m 3 are given by
where the rotation angle θ is specified by sin 2θ = 2|z| |y| 2 + |w| 2 + 2|y||w| cos(φ y + φ w − 2φ z )
The unitary matrix U ν2 in Eq. (37) takes the form, 
where the phases ψ, ρ and σ are expressed in terms of model parameters as
cos ψ = |y| cos(φ y − φ z ) + |w| cos(φ w − φ z ) |y| 2 + |w| 2 + 2|y||w| cos(φ y + φ w − 2φ z ) ,
,
Because the charged lepton mass matrix m † l m l is a diagonal, the lepton mixing completely arises from the neutrino sector. Thus the lepton mixing matrix is derived as
cos θ 2i
up to possible row permutations, where P ν = diag(1, e i(ψ+ρ)/2 , e i(−ψ+σ)/2 ) is a diagonal phase matrix, and an overall phase of each row has been absorbed by the charged lepton fields. Comparing with the standard parametrization of the lepton mixing matrix [1] , 
where c ij ≡ cos θ ij , s ij ≡ sin θ ij , and the Majorana phase α is unphysical since m 1 = 0, we can extract the results for the lepton mixing angles and find sin 2 θ 13 = 2 (x 2 + x + 1) sin 2 θ 5x 2 + 2x + 2 ,
and for the CP invariants we obtain
The Jarlskog invariant J CP [40] and the Majorana invariant I 1 [41] [42] [43] [44] 
From the expressions of mixing angles in Eq. (44), we easily see that the solar mixing angle θ 12 and the reactor mixing angle θ 13 fulfill the following sum rules cos 2 θ 12 cos 2 θ 13 = 3x
This implies that θ 13 and θ 12 are strongly correlated with each other, as shown in figure 2 . Inserting the 3σ allowed regions 0.272 ≤ sin 2 θ 12 ≤ 0.346 and 0.01981 ≤ sin 2 θ 13 ≤ 0.02436 [4] , we find that the parameter x should be in the interval −5.481 ≤ x ≤ −1.223. Notice that the value of x is also subject to the constraints from the measured values of θ 23 and neutrino mass squared differences. If all the four input parameters m a , m b , η and x are treated as free parameters and both lepton mixing angles and the mass splittings ∆m 2 21 and ∆m 2 31 are required to be in the experimentally favored 3σ ranges, we find the solar mixing angle is allowed in a narrow region 0.329 ≤ sin 2 θ 12 ≤ 0.346 which is represented by the orange in figure 2 . The forthcoming JUNO experiment will be capable of reducing the error of sin 2 θ 12 to about 0.1 • or around 0.3% [45] . Therefore we can expect JUNO to identify with considerable confidence if the present model is compatible with experimental data.
It is notable that all the three mixing angles and Jarlskog invariant J CP depend on only two parameters θ and ψ. As a consequence, we can express the Dirac CP phase δ CP in terms of the mixing angles,
with "+" for cos ψ > 0 and "−" for cos ψ < 0. For maximal atmospheric mixing angle θ 23 = π/4, we have cos 2θ 23 = 0 and csc 2θ 23 = 1. Then this sum rule gives cos δ CP = 0 and sin δ CP = ±1 which implies maximal Dirac phase δ CP = ±π/2. We show the contour plot of δ CP /π in the plane sin 2 θ 23 versus sin 2 θ 13 in figure 3 for x = −7/2, −4, −9/2, −5. It is remarkable that the Dirac CP violation phase δ CP is predicted to lie in a narrow range around −0.5π.
Furthermore we perform a comprehensive numerical analysis. The input parameters x, r = m s /m a and η are treated as random real numbers in the ranges x ∈ [−6, −1], r ∈ [0, 10] and η ∈ [0, 2π], then we calculate the values of mixing angles sin 2 θ ij , the CP violation phases δ CP and β and the mass ratio m bands represent the experimentally preferred 3σ ranges of sin 2 θ 13 and sin 2 θ 12 adapted from [4] . The orange area denotes the most generally allowed regions of sin 2 θ 13 and sin 2 θ 12 in the new Littlest seesaw model, where the four input parameter m a , m s , η and x are randomly chosen and the resulting mixing angles and mass squared differences are required to lie in the experimentally preferred 3σ regions [4] .
We require sin 2 θ ij and m [4] . In order to accommodate the present experimental data, we find the allowed region of the parameter x is −5.475 ≤ x ≤ −3.370. Regarding the predictions for the mixing angles, we find that all values of sin 2 θ 13 in its 3σ range are allowed, sin 2 θ 23 is constrained to lie in the interval 0.418 ≤ sin 2 θ 23 ≤ 0.584, and the solar angle is found to lie in a narrow interval around its 3σ upper bound 0.329 ≤ sin 2 θ 12 ≤ 0.346. What concerns the CP phases, the values of δ CP lie around −π/2, in the range −0.629π ≤ δ CP ≤ −0.371π, and the allowed range of the Majorana phase is −0.571π ≤ β ≤ 0.571π. These predictions may be tested at future long baseline experiments, as discussed in [25] .
In order to quantitatively measure how well the present model can describe the experimental data, we define a χ 2 function to estimate the goodness-of-fit of a chosen values of the input parameters m a , r, η and x,
where O i ∈ {sin 2 θ 12 , sin 2 θ 23 , sin 2 θ 13 , ∆m [4] . P i is the theoretical predictions for the mixing angles sin 2 θ ij and the mass splittings ∆m 48). The gray bands represent the experimentally preferred 3σ ranges of the mixing angles adapted from [4] . The red areas in the plane are the most generally allowed regions of sin 2 θ 13 and sin 2 θ 23 for given value of x, where the four input parameter m a , m s and η are randomly chosen and the resulting mixing angles and mass squared differences are required to lie in the experimentally preferred 3σ regions [4] .
function. Since the number of free parameters is less than the number of observables, it is not completely evident that the model can successfully fit the data. For each value of the input parameters, we can obtain the predicted values P i and the corresponding χ 2 , and the optimum input parameters yield the lowest χ 2 . We have carried out the χ 2 minimization, we find the minimum of χ 2 is χ We plot the best fit values of χ 2 as a function of η in figure 4 , where five typical values of x = −7/2, −4, −9/2, −5, −11/2 are chosen for illustration. We notice that low χ 2 values such as χ 2 < 10 can be achieved. It is obvious that the values of χ 2 is quite sensitive to the phase η, and the model can give very good fits to the leptonic mixing angles and the neutrino masses for certain values of η. We see that the experimental data can be described very well for x = −7/2 and η around π. In table 1, we show the best fit values of the mixing parameters and neutrino masses for some benchmark values of x and η. Once the values of x and η are fixed, the light neutrino mass matrix m ν would depend on only two free parameters m a and m b whose values can be determined by the neutrino mass squared differences ∆m 2 21 and ∆m 2 31 , then three lepton mixing angles and CP violation phases δ CP and β can be predicted. We see that the effective Majorana mass m ee is in the range of 1 and 3 meV such that it is impossible to be measured in foreseeable future. An particularly interesting example is the case of x = −7/2 and η = π, it predicts maximal atmospheric mixing angle θ 23 = π/4 and maximal Dirac phase δ CP = −π/2 which are favored by the present data from T2K and NOνA [46, 47] . The reason is because the general neutrino mass m ν shown in Eq. (32) has a accidental µτ reflection symmetry in the case of η = π [48] .
A concrete model
In this section, we shall construct an explicit model based on the model independent analysis in section 4. The flavor symmetry S 4 together with CP symmetry is imposed in the model. We introduce the auxiliary shaping symmetry Z 5 × Z 6 × Z 8 to disentangle the three flavour symmetry breaking sectors and to avoid some dangerous terms. The spontaneous breaking of S 4 and CP symmetries to the residual symmetries Z charged lepton, atmospheric neutrino and solar neutrino sectors are achieved in the model, where the residual CP transformations X atm = SU and X sol = U . As a consequence, the desired vacuum configurations in Eqs. (24, 28) are naturally produced. The solar alignment parameter is fixed to be x = −7/2 with η = π through the dynamical terms in the potential. We formulate our model in the framework of supersymmetry since the minimization of the scalar potential would be considerably simplified. The three generations of left-handed lepton doublets L are embedded into a triplet 3, while the right-handed charged leptons e c , µ c and τ c all transform as 1 yet they carry different charges of shaping symmetry. The two right-handed neutrinos ν of [35] for the S 4 group, and all the Clebsch-Gordan coefficients have been listed in the Appendix of [35] .
Vacuum alignment
We will use the supersymemtric F −term alignment mechanism to generate the flavon VEVs in Eqs. (24) and (28) . A U (1) R symmetry related to R−parity and the presence of driving fields in the flavon superpotential are common features of this mechanism. The driving fields indicated with the superscript "0" and the symmetry assignments are collected in table 2. As usual, the VEVs of the driving fields are assumed to be vanishing. In the supersymmetric limit, the F −terms of the driving fields have to vanish such that the vacuum of the flavons gets aligned. The minimization equation of the scalar potential for the charged lepton, atmospheric neutrino and solar neutrino sectors are separated from each other at the renormalizable level. At leading order, the most general driving superpotential
where the three parts w 
where (. . .) r refers to a contraction of the S 4 indices into the representation r. All the coupling constants are real parameters since the theory is required to be invariant under the generalized CP transformations. The driving superpotential w 
where v u = H u . When the singlet flavons ξ a and ξ s obtain VEVs, the last two terms of w ν lead to a diagonal right-handed neutrino mass matrix 
with m a = − y 
We see that the resulting neutrino mass matrix in Eq. (73) is of the same form as Eq. (32) but with fixed value x = −7/2. Moreover, both ratios v 2 φa /v ξa and v 2 φs /v ξs can be expressed in terms of the parameters of the driving superpotential and thus they are real, as shown in section 5.1. As a consequence, the relative phase η is either 0 or π. The desired value η = π can be achieved for h 1 f 11 x a x s M ξa M ξs < 0.
Following the procedure outline in section 4, we find the lepton mixing matrix for η = π takes the following form one of the benchmarks has a relatively low χ 2 ≈ 4.5. We have proposed an explicit model which can realise this successful benchmark point, based on the atmospheric flavon vacuum alignment (1, ω 2 , ω) and the solar flavon vacuum alignment (1, −7/2, −7/2). The model has exact accidental µτ reflection symmetry [48] and hence predicts maximal atmospheric mixing and maximal Dirac CP violation.
